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Send  technical  Brief 

This  report  summarizes  the  work  which  was  done  under  Contract  AlU9- 
(63 8) -755  during  the  period  January  1,  i960  to  December  31,  1962, 

The  small  magnets  contained  in  the  nuclei  of  the  materials  studied 
provide  a  means  to  investigate  microscopic  details  of  the  environment 
surrounding  the  nuclei.  These  very  small  magnets  transmit  signals  at  a 
resonance  frequency  determined  in  the  first  approximation  by  the  valueo  of 
a  strong  externally  applied  magnetic  field.  But  the  detailed  shapes, 
intensities,  and  time  dependence  of  the  transmitted  signals  are  determined 
by  the  electric  and  magnetic  fields  associated  with  the  local  nuclear 
environment.  By  interpreting  detailed  properties  we  have  gained  valuable 
information  concerning  the  coupling  in  electron-nuclear  systems,  the  local 
magnetic  fields  present  during  molecular  collisions  in  simple  monatomic 
fluide  such  as  xenon,  and  the  fundamental  interactions  present  in  the 
important  diatomic  fluid,  hydrogon. 

This  work  is  described  in  detail  in  scientific  papers  published  in 
connection  with  this  contract.  They  ore  listed  as  references  in  this 
report. 
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I.  Introduction 

The  work  under  this  contract  is  summarized  in  Section  II  of  this 

*■ 

report  under  three  general  projects i 

1.  Double  Resonance  Experiments  on  Dipolar  Coupled  Electron-Nuclear 
Systems. 

2.  Nuclear  Magnetic  Resonance  Studies  of  the  Liquid  and  Gaseous 
States  of  Monatomic  Systems. 

3.  Nuclear  Magnetic  Resonance  Studies  of  liquid  and  Gaseous  Hydrogen. 

Detailed  descriptions  of  this  work  are  given  in  the  references  listod 
in  the  summaries.  Except  for  the  abstracts  of  talks  given  at  meeting  of 
the  American  Physical  Society,  all  of  the  scientific  papers  related  to 
this  work.  -which  have  been  published  or  submitted  for  publication  have 
simultaneously  been  submitted  to  the  Air  force  Office  of  Scientific  Research 
as  technical  reports .  A  bibliography  of  the  scientific  papers  is  given  in 
Section  III. 

Section  IV  of  the  report  contains  general  information  concerning  per¬ 
sonnel,  financial  support,  and  other  administrative  items. 

II.  Summary  of  Scientific  Work 

1.  Double  Resonance  Experiments  on  Dipolar  Coupled  Electron-Nuclear  Systems 

We  have  made  extensive  observations  of  relaxation  of  proton  spins 
coupled  by  static  dipolar-interactions  to  electron  spins.  The  measurements 
were  mode  as  a  function  of  the  microwave  power  at  frequencies  in  the  neigh¬ 
borhood  of  the  electron  spin  resonance.  Not  only  was  this  resonance  excited 
but  also  double  flip  transitions  of  the  coupled  electron-proton  systems. 


The  materials  studied  were:  (1)  asphalt,  (2)  $%  Ce  in  (CejIa^I^fHOj)^ 
2ld%0  ,  abbreviated  CM,  (3)  and  (It-)  152  and  10/2  by  weight  of  diphenyl 

pioryl  hydrazil  (DPFH)  dissolved  in  polystyrene,  and  (5)  a  solid  organic 
iTeo  radical  salts  tris  p-aminophenyl  aminium  perchlorate,  (AH)# 

The  first  four  of  these  samples  display  the  type  of  enhancement  of 
proton  polarization  caused  by  doublo-flip  transitions,  the  fifth  shovra  this 
type  of  enhancement  at  Ion/  temperatures  (l.?°K)  but  at  room  temperature  only 
the  Ovarhauser  type  of  enhancement  produced  by  saturating  the  electron  spin 
resonance. 

In  all  cases  (except  far  AUE  at  room  temperature)  we  have  found  the 
following  typical  behavior  of  the  proton  relaxation  times,  Tjy,  a 3  a  func- 
tdon  of  the  microwave  power  and  frequency. 

The  "normal’1  Tyj.j  is  found  whan  the  microwave  power  is  decreased  to  zero 
after  it  load  been  on  long  enough  to  produce  an  enhancement  of  the  proton 
polarization,.  That  is  the  protons  relaxed  from  an  enhanced  polarization  to 
the  thermal  equilibrium  polarization  with  the  normal  Tjjj. 

when  the  microwave  power  wa3  turned  on  after  the  proton  spins  had 
reached  thermal  equilibrium,  the  proton  spin  polarization  approached  the 
final  enhanced  steady  3tatc  value  with  a  value  of  T^  which  was  shorter 
than  the  "normal"  T-jjj  if  the  polarization  was  produced  by  double  spin  flips 
provided  the  ndsrowav©  frequency  wa3  far  enough  off  the  electron  spin  reson¬ 
ance  center  frequency  so  that  the  electron  spins  ware  not  saturated.  If, 
however,  the  misrowave  frequency  was  sufficiently  close  to  the  center  of 
th3  electron  spin  resonance  so  as  to  saturate  the  electron  spins,  the 
observed  proton  relaxation  time  to  the  enhanced  state  was  longer  than  the 
normal  time,  in  some  cases  by  more  than  an  order  of  magnitude.  The  latter 
effect  is  anamolous .  At  least  we  have  not  boon  able  to  find  a  satisfactory 


explanation  far  it 


be  present  a  summary  of  the  results  in  the  accompanying  table. 


Sample 

(sec) 

,  w 

(aeo) 

T  (e  ) 

Jill  x 
(sec) 

Asphalt 

4.o 

1.15 

6.75 

10$  DPHI 

0.026 

0.010 

2,25 

1$  DPHI 

77°K 

0.036 

0.014 

1.84 

lo7°K 

0.087 

0.04$ 

1.35 

ALEE 

0.116 

0.045 

* 

CMJ 

1.28 

0.345 

4.80 

I  -allot,  possible  to  measure. 

i 

9 

j  Table  I  lieasureu  nuclear  relaxation  times,.  T°w  is  the 
thermal  equilibrium  relaxation  rate,  T-jjj(o)  was  measured 
in  the  presence  of  electron  resonance  excitation  and  v*-) 
when  double  flip  transitions  wore  induced.  The  determination 
of  Thj(^")  was  made  with  the  external  field  set  to  give 
maximum  positive  enhancement,  not  at  the  center  of  the  double- 
flip  absorption  line. 

Horej  Tjj|  is  the  "normal"  relaxation  time*  T-^^*  ^  is  the  relaxation 
time  for  relaxation  to  the  enhanced  state  when  the  electron  spins  are  not 
saturated  j  is  the  same  with  the  electron  spins  saturated.  The 
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fact  that  ^  i a  to  bo  expected  because  of  the  extra  path  far 

relaxation  provided  by  the  double  spin  flips.  VJhat  is  so  uasxpeoted  is 

(  e  ) 

the  extraordinarily  long  value  of  Ttjj  '  in  the  last  column.  We  have 
tried  to  explain  this  effect  by  a  change  in  the  effective  correlation  time 
2^  for  the  dipolar  field  from  the  value  to  a  shorter  value  produced 
by  forced  electron  spin  flips 


C.  7C 


This  equation  can  be  derived  from  the  transient  solutions  of  the  Bloch 
equations  (H.  C.  Tor  ray,  Rhys.  Rev.  76,  1£>59  (191*9)).  Unfortunately  it  is 
found  that  a  longer  rather  than  a  shorter  is  required  to  explain  the 

w 

results  for  \ 

We  aro  still  searching  fox*  an  adequate  explanation  of  this  effect  and 
will  refrain  from  publishing  our  re  suite  (aside  from  the  abstract  Bull.  Am. 
Biys.  Soc.  II  7_,  05  (1962))  until  more  light  can  be  thrown  on  this  matter.  : 

2.  Nuclear  Uagnetic  Resonance  Studies  of  the  Liquid  and  Gaseous  statos  of  . 
Ilonatomlc  Systems 

A  year  or  too  prior  to  the  beginning  of  this  contract,  R,  L0  Streever 
and  H.  Y.  Carr  (narking  under  our  previous  Air  Force  contract)  initiated 
a  study  of  gaseous  and  liquid  xenon  using  HUE  techniques.  Previous  studies 
of  xenon  had  emphasized  the  measurement  of  magnetic  moments;  but  same  evi¬ 
dence  had  been  gathered  to  indicate  that  at  least  in  the  case  of  the 
isotope  Xo12^  the  spin-lattice  relaxation  rate  was  2*  or  5  orders  of  magni¬ 
tude  mare  rapid  than  could  be  expected  from  the  obvious  direct  nuclear 
dipole  interaction,  Ue  were  interested  in  this  problem  not  only  in  order 
to  investigate  the  large  discrepancy,  but  mere  especially  because  we 
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believed  the  simple  Xe^  (monatomic  and  spin  system  might  provide  the 
simplest  and  best  possible  example  of  a  classical  fluid  for  i&E  studies. 

Streevor  and  Carr  prepared  purer  samples  than  were  previously  avail¬ 
able.  By  so  doing  they  reduced  the  relaxation  rata  discrepancy  to  2  to  3 
order  magnitudes.  But  the  rate  still  could  not  be  accounted  for  by  the 
dipole-dipole  mechanism.  However,  in  their  work  they  discovered  a  strong 
shift  in  the  xenon  resonance  which  varies  linearly  with  the  fluid  density 
over  a  very  large  range  (0  to  500  amagata).  As  the  density  increases,  the 
shift  in  the  local  field  at  the  nucleus  increases  in  the  direction  of  the 
externally  applied  field.  It  can  be  described  as  a  decrease  in  the  normal 
diamagnetic  correction  appropriate  to  an  isolated  atom,  or  alternatively 
as  a  separate  paramagnetic  correction.  For  dense  samples  (the  order  of  a 
few  hundred  amagate)  in  a  field  the  order  of  lcA  gauss,  the  shift  is  the 
order  of  1  gauss,  fhe  normal  diamagnetic  shift  in  this  case  is  approxi¬ 
mately  50  gauss  o  The  early  work  by  Stroever  and  Carr  is  described  in  a 
scientific  paper  completed  during  the  first  year  of  tlie  contract  aw  being 
summarized,  fhe  paper  was  published  in  the  Pbya.  Rev.  121,  20  (1961)  and 
submitted  to  the  Mr  Force  as  a  technical  note. 

The  experimental  work  has  been  continued  under  this  c  cm  tract,  3he 
field  dependence  of  the  shift  was  established  and  the  previously  observed 


density  dependence  confirmed* 


At!--h ( 4.  as. jr, os) x /o~7f> 

where  the  fields  are  in  gauss  and  the  density  in  amagata.  She  shift 
in  the  Xe3^*  resonance  was  checked  in  some  exploratory  measurements  and 
found  to  be  identical  to  that  in  the  resonance,  Die  density 

dependence  of  the  Xe3^?  spin-lattice  relaxation  rate  was  mare  accurately 
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studied  and  found  to  bet 

:p  =  (s;#^  .S')  X/6'tp, 

where  the  relaxation  time  is  in  see  and  the  density  again  in  amagats. 

(This  order  of  roagnitude  for  the  rate,  however,  still  cannot  be  accounted 
for  by  the  direct  dipole  interaction.)  An  unusual  density  independent 
behavior  was  found  for  the  Xe^9  relaxation  rate  in  the  the  liquid  in 
equilibrium  with  its  vapor  pressure,  finally  the  self-diffusion  coefficient 
was  measured  at  various  points  in  both  the  gas  and  liquid.  The  experimental 
work  lias  been  described  in  detail  in  a  scientific  paper  by  E.  E.  Hunt  and 
H„  Y.  Carr  submitted  for  publication  to  the  Physical  Review.  The  paper 
has  also  been  submitted  to  the  Air  Force  as  a  technical  note. 

PI,  C»  Torrey  has  made  a  theoretical  study  to  determine  if  the  fluc¬ 
tuating  magnetic  fields  due  to  the  rotation  of  a  diatomic  charge  con¬ 
figuration  during  collisions  might  account  for  the  Xe12?  relaxation  rate 
and  shift.  Using  Ramsey’s  theory  of  chemical  shifts  in  linear  molecules 
(e.g.,  hydrogen),  Torrey  lias  been  able  to  calibrate  the  spin-rotational 
coupling  in  terns  of  the  observed  density-proportional  chemical  shift.  The 
value  of  the  coupling  is  found  to  be  of  the  correct  magnitude .  to  account 
for  the  observed  relaxation  of  Xe^9  in  xenon  gas.  Although  this  does  not 
represent  an  independent  theoretical  calculation  of  the  relaxation  from  first 
principles,  it  does  represent  the  first  successful  explanation  of  the  rela¬ 
tionships  between  the  various  Xe12^  data.  This  work  is  described  in  detail 
in  a  scientific  paper  prepared  by  Torrey  for  publication.  It  also  has  been 
submitted  to  the  Air  Force  as  a  technical  note. 
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3  a  Huclear  magnetic  Resonance  Studies  of  Liquid  and  Gaseous  Hydrogen 

Our  work  in  this  area  vms  initiated  by  U,  Lipsicas,  research  associate, 
as  a  continuation  of  previous  work  done  by  himself  and  U,  Bloom  at  the 
University  of  British  Columbia.  Oils  previous  work  is  described  in  the 
Canadian  Journal  of  Physics  39,  881  (1961) .  The  experimental  work  done  at 
Rutgers  under  this  contract  involves  measurements  of  the  self-diffusion 
coefficient  and  the  spin-lattice  and  spin-spin  relaxation  times. 

(a)  Self-Diffusion 

The  self-diffusion  in  normal  hydrogen  gas  was  studied  using  HUE  ft*ee 
precession  techniques.  An  absolute  measurement  of  D-p  was  made  at  78°K  and 
11?  amagatSo  Relative  measurements  of  os  a  function  of  gas  density  wore  made  at 
55°s  78°s  and  90°K  using  gas  densities  up  to  650  amagats.  The  observed 
density  dependence  of  D^j_  was  found  to  be  in  marked  disagreement  with  the 
Enslcog  denso«gas  thecxryo  A  detailed  description  of  this  work  and  a  dis¬ 
cussion  of  the  results  was  published  in  the  Journal  of  Chemical  Physics  36, 

1235  (1962)  o  Oils  paper  was  submitted  to  the  Air  Farce  as  a  technical  note. 

Hare  recently  the  self-diffusion  in  a  mixture  of  37  *5£  arthohydrogen— 

62  3%  parahydrogen  at  20 ,35°K  has  been  measured.  The  results  indicate  that 
artho-molocules  in  different  spin  quantum  states  must  be  treated  as  dis¬ 
tinguishable  particles  in  calculating  the  diffusion  cross-sections .  This 
is  in  contradiction  to  the  earlier  assumption  of  indistinguishability  by 
Cohen,  et.al.  (Physica  22,  791  (1956)).  eocperimental  results  have 
been  reported  and  discussed  in  Physics  Letters  212  (1963).  Reprints 
of  this  work  will  be  distributed  as  an  Air  Fores  technical  note  whan 
available.  The  temperature  dependence  of  the  diffusion  over  the  range 
20°K  to  90°K  has  also  been  investigated  and  found  to  be  in  reasonable 
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agreement  with  theory  when  allowance  is  made  for  the  above  symmetry  effects, 
(b)  Spin  Relaxation 

The  improved,  magnet  homogeneity  available  in  tho  present  work  was  used 
to  check  the  ear  lie?.'  report  by  Lips  leas  and  Bloom  that  the  spin-spin  time 
and  the  spin-lattice  relaxation  time  T-j_  in  hydrogen  gas  were  not  equal. 

A  more  accurate  and  reliable  measurement  of  Tg  at  ?7.5°K  on.  a  gas  sample 
of  approximately  IDO  amagate  density  indicated  that  to  within.  the  error  of 
?l  and  T2  are  equal.  This  result  was  reported  in  the  Canadian 
Journal  cf  Physics  1*0,  382  (1^62), 

The  split-lattice  relaxation  time  Ti  has  been  measured  as  a  function 
of  orthohydrogen  concentration  and  density  in  artho-purohydrogen  gas 
mixtures  over  the  temperature  range  20-1*00 °K.  The  measurement  of  Ti  in  the 
dilute  gas  (  D  ^  1*00  amagats)  at  temperatures  above  100  °K  show  a  very 
marked  difference  between  the  ranges  of  the  orth-ertho  and  ortho-para  inter¬ 
act!  ons.  Preliminary  calculations  show  that  the  measured  values  of  fit 
an  approximately  l/r^  range  for  the  ortho-ortho  interaction,  while  the  ortho¬ 
para  interaction  is  approximately  l/v&.  It  is  hoped,  eventually,  to  deduce 
fresn  our  measurements  the  farm  of  the  anisotropic  intermolecular  poten¬ 
tial  and  the  absolute  value  of  tho  interaction  energy.  Quantum  mechanical 
diffraction  effects  have  bean  observed,  which  at  high  temperatures  increase 
the  mutual  separation  of  the  molecules.  In  the  dense  gas,  J>  1*00  amagats, 
increases  very  rapidly  with  density,  the  rate  of  increase  rising  vary 
sharply  with  decreasing  temperature.  The  behavior  of  in  liquid  hydrogen 
under  pressure  confirms  the  intuitive  idea  that  the  correlation  of  the  mole¬ 
cules  in  a  liquid  is  that  of  a  dense  gas  at  low  temperatures.  This  work 
is  still  in  progress  but  we  onticiapte  it  will  be  described  in  detail  in  a 
scientific  paper  by  A.  Hartland  and  II.  LLpeicas.  Such  a  paper  will  be  sub¬ 
mitted  to  the  Air  Force  as  a  technical  note. 
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Precision's  Areospace  Group  worked  closely  with  scientist  of  the  Air 
Force  Aeronautical  Systems  Div,,V.rright-Patterson  APB. 

2.  Summary  of  Fiscal  .Record  for  Contract 


Total  budget  Jan.  1,  I960  to  Deo.  31,  1962 

i.125^9 

Amount  spent,  Oct.  1  to  Dec.  31,  1962# 

9,272 

Cumulative  Expenditures,  Jan.  1,  I960  to 

Dec.  31,  1962# 

U3,t58 

Unexpended  Balance# 

$  2,291 

^Includes  adjustment  of  Indirect  Cost  from  55,16%  to  new  audited  rate  of 

51,8352 

3.  The  Principal  Investigators  for  this  contract  wish  to  express  their  appre¬ 
ciation  to  the  Air  Force  Office  of  Scientific  Research  for  the  support  pro¬ 
vided  through  this  contract  os  wall  as  preceding  Air  Force  Contracts,  V/e 
speak  not  only  for  ourselves  but  also  for  the  university,  the  department, 
end  all  personnel  associated  with  these  o cn tracts. 


U.  The  work  described  in  this  report,  was  simultaneously  supported  by  the 
Rutgers  Research  Council  and  an  equipment  grant  from  the  Rational  science 
Foundation, 

5.  Lluch  of  the  work  described  in  this  report  will  be  continued  during  the 
cooing  two  years  with  financial  support  from  the  Rational  Science  Foundation 
Grant  GP-229, 


Henx^r  C. 

Herman  I,  Carr  // 
Principal  Investigators 
Contract  AFii9(630)-755 


